The stability of table salt double-fortified with iron as ferrous fumarate, and with iodine as potassium iodide or potassium iodate, has been investigated under actual field conditions of storage and distribution in the coastal and highland regions of Kenya. Seven 200-g sample packets of double-fortified salt in sealed polyethylene bags and a similar packet containing a datalogger for monitoring temperature and humidity were packaged with 21 sample bags of salt from another study into a bundle, which then entered the distribution network from a salt manufacturer's facility to the consumer. Iodine retention values of up to 90% or more were obtained during the three-month study. Double-fortified salt was prepared using ferrous fumarate microencapsulated with a combination of binders and coloring agents and coated with soy stearine, in combination with either iodated salt or salt iodized with potassium iodide microencapsulated with dextrin and coated with soy stearine. Most of the ferrous iron was retained, with less than 17% being oxidized to the ferric state. The polyethylene film overwrap of salt packs in the bundles provided significant protection from ambient humidity. Salt double-fortified with iodine and microencapsulated iron ferrous fumarate premix was generally quite stable, because both iodine and ferrous iron were protected during distribution and retail in typical tropical conditions in Kenya's highlands and humid lowlands.
Introduction
Iodine-deficiency disorders and iron-deficiency anemia are preventable ailments that afflict more than 2 billion people globally, with serious consequences for women and young children and for the economic and social development of entire populations [1] . Iron-deficiency anemia can lead to increased maternal mortality, compromised development of motor skills and learning capacity, and reduced immunity to diseases. A recent national anemia and micronutrient survey in Kenya [2] has shown that nutritional iron-deficiency anemia is a major public health problem affecting some 25% of the population. Iodine-deficiency disorders include a wide spectrum of mental and intellectual effects [3] . Assessments of iodine-deficiency disorders in Kenya reported in 1994 showed prevalence in more than 16% of the population [2] .
Deficiencies of iodine or iron can be inexpensively eliminated, prevented, or reduced by increasing dietary intake of these micronutrients by food fortification, which is an important component of the strategy for combating micronutrient malnutrition [4] . It is, however, critical that the vehicle for the fortification be available to the entire population deficient in the micronutrient, and it must be able to be consumed at a constant rate irrespective of social and economic status. Salt is an attractive vehicle for the provision of micronutrients, in view of its almost universal and uniform regional consumption [5, 6] . Encouraged by the progress made globally with salt iodization during the past decade, we have been examining the feasibility of fortifying salt with both iron and iodine. The physical and social infrastructure developed for salt-iodization should facilitate putting in place a cost-efficient method of delivering adequate levels of iodine and iron through double-fortified salt.
The major technical challenge for salt double-fortification lies in developing a formulation in which both iodine and iron are stable and bioavailable. Our food engineering program at the University of Toronto has a major research program, funded by the Micronutrient Initiative (MI), for the development of technology for salt double-fortification with iodine and iron [7] . In order to verify the validity of our laboratory models for environmental exposure of salt, MI, UNICEF, and our research group arranged to monitor the temperature and humidity experienced by a typical package of household salt in Kenya, and to test the stability of a number of double-fortified salt formulations under actual field conditions. The goal of the work is to confirm the stability of ferrous iron and the retention of iodine during field distribution. This paper reports on the findings of this study of storage and distribution conditions encountered by double-fortified salts, with ferrous fumarate as the source of iron, and potassium iodide or potassium iodate as the source of iodine, as it travels from the facilities of the salt producer to the consumer. The investigation was carried out in two climatic zones of Kenya: the coastal zone consisting of Mombasa and the surrounding regions, and the highland zone of Nairobi and the surrounding region.
Experimental methods

Formulations
All formulations of double-fortified salt investigated contained iodine at the 100 ppm (parts per million) level and iron at the 1,000 ppm level. Iodine was introduced either through commercial iodization or by adding an iodine premix to noniodized salt. The iodine premix was produced by a process of granulation followed by microencapsulation [8] developed in our laboratory. Potassium iodide crystals were first granulated with dextrin as the binding agent. The resulting particles were then coated with a hot, molten soy stearine. Iodated salt and noniodated salt were produced by Mombasa Salt Works, Mombasa, Kenya.
Several iron premixes used in the formulations were produced using the agglomeration and microencapsulation processes developed by the University of Toronto food engineering laboratory. Previous investigations reported in the literature have identified ferrous fumarate as an excellent source of bioavailable iron. It has been shown to be stable, bland tasting, and cost effective [7, 9] .
The ferrous fumarate was granulated with various binding, color-stabilizing, and color-masking agents, as listed in table 1. The coating material for encapsulation was fully hydrogenated soy stearine containing titanium oxide (TiO 2 ) to mask the reddish-brown color of ferrous fumarate.
Sample preparation
Seven formulations of double-fortified salts were prepared by blending the different iron premixes with either iodated salt or iodine (KI) premix and pure salt. The control was commercially iodated salt. These formulations are described in table 2.
Salt in Kenya is typically sold in 200-g packets, usually distributed in bundles of 30 wrapped with a polyethylene film. Each of the seven formulations was prepared as a 200-g sample of double-fortified salt and sealed in a typical commercial polyethylene bag. Each packet was labeled with a random serial number. The seven sample packets and a control packet of commercially prepared iodized salt were packaged together with 21 sample bags from another study into a bundle along with a packet containing a datalogger to make up a typical commercial bundle containing 30 salt packets. A total of six bundles (labeled A-F) were prepared.
Two bundles were sent to each of two distribution zones, but in each zone only one bundle contained a datalogger, which recorded temperature and humidity every 30 minutes. Bundles E and F were each prepared with a datalogger. Bundle E was stored at room conditions in our laboratory at the University of Toronto. Bundle F was stored in our environmental chamber with conditions preset to a temperature of 40 o C and a relative humidity of approximately 100%. The datalogger in each bundle was surrounded with Styrofoam packing material to facilitate air circulation and to absorb shocks during shipping.
Bundles A to D were dispatched by air freight to the UNICEF Kenya Country Office in Gigiri, with A and B designated for the coastal zone and C and D for the highland zone. The bundles were subsequently dispatched to the salt producers, Krystalline Salt in Nairobi and Mombasa Salt Works in Mombasa, for inclusion in their normal distribution networks. The objective was to simulate, as closely as possible, the Stability of double-fortified salt conditions encountered by typical salt during normal distribution. It was therefore essential that the bundles were not expedited or specially handled while in the distribution circuit. The circuit typically continued from the salt producer's factory to the producer's distribution warehouse to the wholesaler's store. From here, the salt then passed on to the retailer's store and subsequently to a preselected consumer who kept it for about two weeks without opening the bundle. The bundle was then picked up and sent to the salt producer's office. then to UNICEF Kenya, and finally back to our laboratory in Toronto. A progress log was kept for each bundle to indicate the time and date that it arrived at and left particular locations in the circuit. Data collection in this investigation was carried out for three months beginning at the time the samples entered the distribution network in Kenya. The programmed dataloggers were activated in Toronto on March 25, 2002, before being sent by air freight to Kenya. At the end of the data-collection period, the four bundles of doublefortified salts, along with the progress log sheets, were boxed and sent by air back to the University of Toronto. Once in the laboratory, the fortified samples were closely examined for color changes, caking, and any other marked physical changes. The samples were then analyzed for their iodine and iron content.
Recording of temperature and humidity data
The temperature and relative humidity data were auto-matically recorded by a datalogger, Model RHTEMP 101, manufactured by ERTCO, West Patterson, NJ, USA. The datalogger is a miniature battery-powered, stand-alone temperature and humidity recorder, capable of simultaneously measuring and recording up to 10,920 measurements of temperature and humidity in real-time operation with a programmed start time. It operates in a temperature range of -40 o C to +80 o C, with a temperature resolution of 0.1 o C; and a relative humidity range of 0% to 99%, with humidity accuracy and resolution of 3% and 0.5% relative humidity, respectively. Data were recorded at 30-minute intervals.
Analytical methods
Determination of iodine
Iodine in KI. The iodine content of the samples prepared with potassium iodide (KI) containing premix was measured by epithermal neutron activation analysis (ENAA) with the assistance of Professor Ronald Hancock at the Royal Military College, Kingston, Ontario, Canada. In this method, described generally by Heydorn [10] , 1-to 2-g samples of salt were weighed into polyethylene vials. These samples were then shielded in a cadmium shell and irradiated at 1.0 kW for three minutes with a neutron flux of 5.0 × 10 11 cm -2 s -1 . The cadmium shielding was 0.7 mm thick and was used to reduce interferences due to the high proportion of chlorine and sodium present in the samples. Following irradiation, the samples were allowed to rest for six minutes, and then gamma emissions at 44.3 keV were measured with a hyperpure germanium-based gamma ray spectrometer. The iodine concentrations within the samples were calculated based on a calibration obtained using a series of iodine standards covering a range of 0 to 1,000 ppm. The relative standard deviation of the analysis was determined to be 5%. Iodine in KIO 3 . The iodine content of samples prepared with potassium iodate (KIO 3 ) was measured by a titrimetric method, which is a modified form of the official AOAC method [11] and has been successfully used by previous workers [12] . A solution of 5 g of salt sample in 100 ml of deionized water was titrated with sodium thiosulfate of known concentration (µg I +5 / ml Na 2 S 2 O 3 ). A pinch of potassium iodide crystals and a few drops of hydrochloric or sulfuric acid were added to the solution. The liberated iodine was titrated with the thiosulfate solution until the solution turned pale yellow. Freshly prepared starch solution used as the indicator was added, and the solution turned purple. Titration was then continued until the solution changed from purple to colorless at the endpoint. The concentration of iodine in the sample was calculated from the product of the concentration and volume of sodium thiosulfate consumed per gram of sample.
Determination of iron
The iron content of the double-fortified salt samples was determined by the spectrophotometric method developed by Harvey et al. [13] . In using this method, 5 g of salt sample was dissolved in 50 ml of distilled water slightly acidified with 2 ml of concentrated sulfuric acid to digest the iron compounds in the sample. More distilled water was then added to bring up the solution volume to 100 ml. To 5 ml of this solution, 10 ml of 0.3% 1,10 phenanthroline and 5 ml of buffer solution of 0.2 M potassium biphthalate were added in order to promote the formation of complexes of ferrous and ferric iron with phenanthroline. The solution was topped up to 25 ml with distilled water. The absorbances of the resulting solution were then measured at 396 and 512 μm using an ultraviolet (UV)visible spectrophotometer. The concentrations of ferrous and ferric iron in the sample were calculated based on a calibration obtained using a series of ferrous and ferric iron standards. The total iron concentration in the sample was calculated from the absorbance at 396 μm, while that for ferrous iron was calculated essentially from the absorbance at 512 μm, because there was very little absorption by the ferric iron complex at this wavelength. Ferric iron concentration was subsequently obtained by the difference between the total iron and the ferrous iron concentrations.
Results
Distribution networks
Four bundles of samples (A-D) were dispatched from Toronto on March 25, 2002, with the dataloggers activated, and were received at UNICEF Kenya on March 28. Bundles A and B were immediately sent to the Mombasa Salt Works plant in Mombasa, where they entered and remained in the distribution network for the coastal zone from April 1 to July 7. Bundles C and D were sent to the Nairobi office of Krystalline Salt and then to the manufacturing plant in Marereni, where they eventually entered the Nairobi distribution network beginning on April 13 and continuing through July 11.
Entries in the logsheets showed that the bundles actually went through the typical network of storage and distribution from the salt producer's facilities to the wholesaler's warehouse to the retailer's store before getting to the consumer's home. At the end of the study, the bundles were sent to the UNICEF Kenya Central Office and shipped back to the University of Toronto. Bundles A and B were received in Toronto on July 10, and bundles C and D were received in Toronto on July 15, 2002. into the consumer's house. It is interesting, because unexpected, that lower temperatures were recorded after the samples left the consumer's home for storage at Mombasa Salt Works. The relative humidity experienced by the packets in the bundles steadily increased from about 32%, when the samples entered the network, to a maximum of 61.5%, attained at the end of the study. The shape of the humidity-time curve indicates that moisture penetrates the salt packages slowly, until equilibrium is established between the salt and the surroundings. About 8 weeks were required for equilibration.
Temperature and relative humidity
The humidity in the coastal region was expected to be high, and the expectation was confirmed by an equilibrium relative humidity level above 60%. Based on climatic records, the actual humidity in the ambient air was probably higher, in the 70% to 85% range. It is clear from the data that the wrapping protected the salt packages from moisture penetration from the humid surrounding air.
Nairobi
The variations in temperature and relative humidity in the highland (Nairobi) network are shown in figure 2 . These variations highlight an important aspect of the coastal zone in the salt industry of Kenya: almost all the distribution networks originate in the coastal region where the salt producers are located. Consequently, placing the salt samples into the Nairobi distribution network required that the samples first travel to Marereni near the coast, where the Krystalline Salt Company has its plant. Thus, the plots in figure 2 consist of two sections. The first section, up to the first week of May, represents the period when the samples were in the humid Mombasa zone, whereas the second section, from May to the end of the investigation, represents the period when the samples were in the drier Nairobi region. The overall average temperature was about 25 o C. The minimum and maximum temperatures were 19.4 o and 30 o C. The temperature in the second section was on average about 4 o to 5 o C cooler than in the first section.
The rise in the relative humidity and time profile in figure 2 is similar to that in figure 1 , with approximately the same equilibration period of eight weeks. However, once in the Nairobi network, the samples experienced a lower relative humidity of about 48% (fig. 2) . The minimum and maximum relative humidity for the entire period of investigation were 28% and 50.5%, and are shown in table 3.
Room conditions and the environmental test chamber
The storage room conditions of the samples in our laboratory are shown in figure 3 and summarized in table 3. The conditions were fairly steady, with a mean temperature of 23.7 o C. The relative humidity ranged from a minimum of 23.5% to a maximum of 38.5%, with an average of 28.9%. The conditions in the environmental chamber were kept constant, with a mean temperature of 39.6 o C and a relative humidity of 87.5%. Relative humidity and temperature data for the Mombasa and Nairobi distribution networks, the laboratory room, and the environmental chamber have been plotted for comparison and are shown in figures 3 and 4, respectively. Figure 3 shows that the humidity of the laboratory was always lower than the humidity in the distribution networks. Figure 4 also shows that the laboratory temperatures were always lower than the temperature in the Mombasa network. More impor- 
Discussion
Iron stability
The iron added to the salt was in the ferrous state. Ferrous iron can be oxidized to the less bioavailable ferric form by oxygen, potassium iodate, and salt impurities. The stability of ferrous iron in the double-fortified salts is shown in table 4. As expected on the basis of earlier laboratory tests, the ferrous iron concentration was not significantly reduced while in the distribution networks. Ferrous iron retention values were generally greater than 83% for both the Mombasa and Nairobi zones, in all formulations prepared with iodated salt or with microencapsulated potassium iodide premix.
Iodine stability
Iodine stability is critical for the success of salt doublefortification. Many of the earlier attempts to produce double-fortified salts were unsuccessful in protecting iodine from loss through sublimation. The iodine stability of most formulations was satisfactory, as shown in table 4. The commercially iodated salt retained more than 96% of its iodine after going through the distribution networks. Formulations with ferrous fumarate premix and iodated salt or potassium iodide premix generally exhibited good iodine stability in both distribution networks, with the exception of formulation 4. The data confirmed that microencapsulation of iron is effective in preventing the loss of iodine from refined double-fortified salt stored and distributed under tropical conditions. 
Color stability
All the samples, on their arrival back in Toronto from the distribution networks in Kenya, were closely examined for visible physical changes in texture and color.
No caking was observed in any of the field samples, but there was some caking in some of the samples stored at high temperature and humidity in the environmental chamber. Double-fortified salts prepared with various formulations of ferrous fumarate premix were color stable in the Mombasa and Nairobi networks. These salts were also stable in storage at room conditions in our laboratory and in the severe climate of the environmental test chamber. The only exception was formulation 2, which developed pink stains in the Mombasa network and purple spots in the environmental chamber. This was most likely due to the release of iodine by the leakage of iron from the microcapsule, mediated by elevated temperature and humidity. A blue or purple color is expected if free iodine is produced by a redox reaction with impurities or iron in the presence of starch from the encapsulating system. A reddish, brown, or yellow color can be produced by iron oxidation from ferrous to ferric fumarate.
Conclusions
The results confirmed the stability of double-fortified salts prepared with ferrous fumarate under typical environmental conditions of the salt distribution networks in Kenya. The microencapsulated double-forti-fied salt formulations retained most of the ferrous iron and iodine during the three-month study period.
Although the actual temperatures and the various levels of relative humidity experienced by the dataloggers were somewhat lower than the values in our environmental chambers, the results indicate that tests in our ambient laboratory conditions and in our environmental chamber set at 40°C with a relative humidity of approximately 100% provide realistic lower and upper levels for modeling stability under tropical field conditions.
The polyethylene film bundle wrapping of the salt packs provides significant protection from ambient humidity, as exposure of some eight weeks elapsed before the relative humidity in the packs equilibrated with the ambient humidity levels.
The field tests clearly demonstrated that salt doublefortified with iodine and microencapsulated iron can protect both iodine and the ferrous iron during distribution and retail in typical tropical conditions in Kenya's highlands and humid lowlands. This paves the way for large-scale effectiveness and efficacy testing of double-fortified salt.
